A DNA based five-state switch with programmed reversibility by Stulz, Eugen et al.
Registered Charity Number 207890
Accepted Manuscript
This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.
Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.
To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.
More information about Accepted Manuscripts can be found in the 
Information for Authors.
Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.
ChemComm
www.rsc.org/chemcomm
ISSN 1359-7345
Chemical Communications
www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976
1359-7345(2010)46:32;1-H
Volum
e 46 | N
um
ber 32 | 2010 
C
hem
C
om
m
     
 
Pages 5813–5976
COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex
FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications
www.rsc.org/journals
Registered Charity Number 207890
Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration
New for 2010
Chemical Science - a new journal presenting ﬁndings of exceptional signiﬁcance from across the chemical 
sciences. www.rsc.org/chemicalscience
MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm
Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers
New for 2009 
Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientiﬁc community. www.rsc.org/methods
Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology
Metallomics - covering the research ﬁelds related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics
Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale
Top science …free institutional access
ISSN 2041-6520
www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010
Chemical Science
D
ow
nl
oa
de
d 
on
 0
6 
O
ct
ob
er
 2
01
2
Pu
bl
ish
ed
 o
n 
24
 S
ep
te
m
be
r 2
01
2 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C2
CC
357
99B
View Online / Journal Homepage
ChemComm 
Cite this: DOI: 10.1039/c0xx00000x 
www.rsc.org/xxxxxx 
Dynamic Article Links ►
Communication
 
This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 
A DNA based five-state switch with programmed reversibility 
Jonathan R. Burns,a Søren Preus,b Daniel G. Singletona and Eugen Stulz*a 
Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 
DOI: 10.1039/b000000x 
A programmable switch based on a DNA hairpin loop is 5 
functionalised with a rigid or flexible porphyrin or FAM and 
TAMRA FRET pair, which provides insight into the 
restructuring of the hairpin as well as porphyrin-porphyrin 
coupling. The switch contains five discrete states which can be 
accessed independently and followed by real-time 10 
spectroscopy, opening the way to a quinary computing code. 
The unique self-recognition properties of DNA have been 
explored extensively for the formation of new self-assembled 
nano-architectures over the past decades. By taking the DNA out 
of its biological context, the emerging field of DNA 15 
nanotechnology is becoming increasingly attractive to advance 
research in drug delivery, autonomous machines or computing.1 
Additional functionalities such as redox active metal complexes2 
or organic chromophores3 are increasingly being incorporated 
into DNA, resulting in operational DNA based nano-devices. 20 
Still, the incorporation of chemically modified DNA into these 
nano-architectures is in its infancy, and the exploration of 
modified DNA as building blocks remains an important aspect to 
understand their behaviour and suitability for DNA nano-
technology. In particular organic chromophores4 such as pyrenes5 25 
and porphyrins6 are gaining increasing attention as DNA 
modifiers e.g. for the creation of photonic wires, or as diagnostic 
tools since their optical properties (absorption, emission) can vary 
with the DNA sequence or a change in the environment such as 
pH, temperature or secondary structure. 30 
 Particularly intriguing structures arise when partially self-
complementary DNA strands assemble to form intramolecular 
hairpin loops. The loops can be opened and closed through 
sequential addition of suitable complementary DNA strands, thus 
creating moving parts within a DNA nano-structure. The concept 35 
has been used in molecular beacons for DNA analysis,7 in 
switchable DNA nano-structures with optical responses,8 and in 
autonomous DNA walkers.9 Here, we report a programmable 
switch based on a molecular beacon, where the DNA is partially 
self-complementary with repeating ATTA-TAAT sequences (Fig. 40 
1). An additional 13 base sequence allows for specific recognition 
of complementary strands including various repeats of the 
complementary ATTA-TAAT box, thus enabling controlled 
elongation or contraction of the stem region. To demonstrate 
functionality, FRET pairs were attached to the extremes of the 45 
repeat region, giving access to a tuneable energy transfer system 
with well-defined chromophore distances from the same DNA 
strand by simply adding the appropriate complementary strand. 
The porphyrin based FRET system (denoted as 1P), comprises of 
a zinc porphyrin (donor, D) and a free-base porphyrin (acceptor, 50 
A), where the porphyrins are attached either via a rigid alkynyl 
linker or a more flexible propargyl-amide linker.10 The rigid 
alkynyl linker ensures that the chromophores have a low 
diffusional mobility and remain in a well oriented environment, 
particularly in terms of the transition dipole moment, introduced 55 
in order to study the influence of porphyrin distance and angle on 
the electronic coupling compared to the flexible linker. As a 
control system, we have also synthesised the analogous FAM and 
TAMRA labelled switch strand (denoted as 1F). Because this 
FRET pair is tethered via a longer and more flexible linker, the 60 
Table 1 Melting temperatures of the DNA system and FRET efficiencies 
(experimental and theoretical). 
DNA 
system 
Tm 1P / °Ca Tm 1F / °Cb FRET FAM/TAMRA 
exp. (calcd.) 
1 61.7 60.0 0.8 (0.98) 
1·2 54.1 59.0 0.00 (0.01) 
1·3 50.8 59.1 0.01 (0.03) 
1·4 54.4 58.6 0.17 (0.13) 
1·5 55.2 59.7 0.52 (0.57) 
1·6 61.2 60.2 0.81 (0.98) 
a Tm values obtained from UV-melting (260 nm); b Tm values obtained 
from fluorescence melting (λex 495 nm, λem 510 nm) 
 
 
Fig. 1 Schematic of the adjustable hairpin loops with DNA sequences. 
The red and blue markers indicate attachment of FRET pairs. 
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angular dependence on the FRET efficiency should in ideal cases 
be eliminated (κ2 = 2/3). 
 The Tm values of the two extreme complexes (the full length 
duplex 1P·2 and the hairpin with the longest possible stem of 
DNA 1P·6) show a clear difference, where 1P·2 has a Tm value of 5 
54.1 °C, and for 1P·6 the Tm was determined to be 61.2 °C (Table 
1). The molecular beacon 1P on its own displays a Tm of 61.7 °C, 
overall confirming the intramolecular stabilisation effect on the 
duplex. In the presence of the complementary strands, the other 
hairpin-duplex combinations show intermediate Tm values in the 10 
expected order. 
 To determine changes in the direct environment of the 
modifications, we attempted to record the melting profiles 
monitoring the porphyrin region. However, the thermal lability of 
the zinc porphyrin complex interferes with the measurement (loss 15 
of metal at higher temperatures),10a thus fluorescence melting was 
conducted on the FAM and TAMRA system (Fig. 2a). This 
system displayed clear transitions when monitoring the donor 
emission of FAM. The initial donor emission intensity at 20 °C 
corresponds to the programmed donor-acceptor distance, and 20 
decreases in the expected order from 1F·2 to 1F·6, as resulting 
from the variable length of the stem. The denaturing profiles, 
however, are very different to the UV-melting curves,† and show 
an initial decrease in donor emission, indicating a decrease in 
distance of the chromophores and increase in FRET between the 25 
donor and acceptor. Thus the dissociation of the complementary 
DNA strand is accompanied by a restructuring of the self-
complementary DNA to form a longer and more stable stem-loop 
system as an intermediate structure, which then denatures to give 
the random coil single strand DNA, though the intermediate full 30 
length stem may not be formed in all cases. This is also 
corroborated by the fact that the fluorescence melting shows the 
same Tm of around 60 °C for all systems. The final donor 
fluorescence intensity is equal in all systems and corresponds to 
the initial intensity of the system 1F·2. This confirms both the 35 
complete denaturing at higher temperature as well as formation of 
the full length duplex in 1·2.  
 The FRET efficiencies for both the Zn- and 2H-porphyrin and 
the FAM and TAMRA system were measured and compared, in 
order to evaluate the difference between the FRET pairs where 40 
the chromophores are attached via a rigid or flexible linker. Since 
energy transfer efficiencies can vary greatly with probe diffusion 
and reorientation, the linker moiety plays an important role. The 
FRET parameters of the two FRET pairs (quantum yield, 
extinction coefficient and spectral overlap) were identified by 45 
steady state fluorescence spectroscopy.† The FRET efficiencies 
(EFRET) were determined by spectral decomposition of the 
combined donor and acceptor emissions at an excitation 
wavelength of 426 nm. The quantum yield of Zn-P was 
determined to be Φ = 0.12 (using quinine sulphate as standard) 50 
which in combination with a spectral overlap integral of J = 
2.3e14 M-1cm-1nm4 yields a Förster distance of R0 = 28.4 Å. The 
Förster distance of the FAM and TAMRA pair was determined to 
be R0 = 57 Å. In addition, the FRET efficiencies were predicted 
theoretically for all systems using a custom made FRET 55 
simulation program (FRETmatrix).11 Here, all DNA 
conformations were simulated as rigid B-form geometries and a 
full atomistic description of the tethered dyes was used to 
calculate the theoretical donor-acceptor distances.† 
 The experimental FRET values of the 1F·x combinations are in 60 
excellent agreement with the theoretically predicted values (Fig. 
2b) and show a decreasing FRET efficiency upon increasing the 
fluorophore distance. Exceptions are the states 1F and 1F·6 
showing a smaller measured FRET efficiency compared to that 
expected from the calculated donor-acceptor distance. This 65 
deviation is often observed for closely spaced dyes and is likely 
to be a result of direct dye-dye interactions interfering with the 
FRET process.12 Overall, the good correlation between expected 
and measured FRET efficiencies demonstrates the well-defined, 
discrete states of the switch. 70 
 Compared to the FAM and TAMRA control system, the 
porphyrin FRET system shows very different behaviour. Despite 
that porphyrins attached to duplex DNA show FRET efficiencies 
which are dependent on the distance (including a control 
sequence used to determine the quantum yields of the porphyrin-75 
DNA, see ESI),† the switch sequences all show a FRET 
efficiency close to 100%. No variation could be detected in either 
the different conformations nor upon changing the linker to the 
porphyrin. Based on the R0 value, the calculations would predict 
FRET efficiencies of 43% for 1P·6 and <10% for all other 80 
combinations. This indicates that the porphyrins are in close 
contact at a maximum distance of about 3-10 Å (10-30% of R0 
where 100% FRET is expected). The system is therefore 
disrupted by the hydrophobic interactions of the porphyrins 
 
Fig. 2 a) Fluorescence melting curves of the DNA switch by monitoring FAM emission (λex 495 nm, λem 510 nm); calculated vs experimental FRET of the 
modified system: b) FAM and TAMRA system 1F; c) putative intra- and intermolecular stacking of the porphyrins in the DNA systems. 
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which are probably stacked to give a very efficient energy 
transfer between the Zn- and 2H-porphyrin (Fig. 3c). At this point 
we cannot rule out intermolecular interactions as we10a and 
others6c have found efficient intermolecular stacking of 
porphyrins and small organic molecules covalently attached to 5 
DNA, which can act as molecular glue between DNA strands.13 
Since the association constant for these intermolecular assemblies 
is unknow, it cannot be estimated to which extent they contribute 
to the FRET if they do so. 
 10 
Fig. 3 Real-time monitoring of the switching between the five different 
switching states, recording acceptor emission (λex = 495 nm, λem = 583 
nm), and schematic drawing of the first steps. The final switches between 
1F·5 and 1F·6 show the reversibility and stability of the system. 
 DNA has recently been used in to generate molecular 15 
machines, where addition of specific complementary strands is 
used to trigger switching between different structures and states, 
and up to eleven discrete states have been achieved using a DNA 
tile actuator.14 Our simple switch equally responds to a change in 
the system by extending the complementary strand by eight bases 20 
to form an overhang (toehold), the strand can be peeled off, and 
the system switches to a different state by subsequent addition of 
a longer or shorter complementary strand. The switching can be 
monitored using real-time fluorescence spectroscopy (Fig. 3). 
Starting with the full-length duplex 1F·6, subsequent switching 25 
between the various states leads to a system where five different 
states can easily and reversibly be addressed. The concept is 
schematically drawn in Fig. 3 for the switching between the states 
1F·2 → 1F·6 → 1F·3. In this way, not only a binary open-closed 
code can be made, but this system could form the basis for a 30 
quinary code that could significantly enhance the information 
density in DNA based computing.15 
 In summary, a DNA based adjustable strap was obtained by 
synthesising DNA strands with partially self-complementary 
boxes, and addition of complementary strands allows for a 35 
programmable adjustment of the stem-loop size. Such a system 
may be used as part of a molecular motor or computer, where a 
DNA input results in a change in structure thus encouraging 
motion and yielding a corresponding change in output (e.g. 
change in energy transfer). The presented programmable switch, 40 
containing fluorophores attached by both rigid and flexible 
linkers, reveals that the formation of a particular DNA system can 
strongly be influenced by the nature of the modification. The 
hydrophobic nature of the porphyrins disrupts the stem structure 
in the beacon, and close contacts between the chromophores are 45 
evident, which shows the system’s limitations. However, by 
tuning the properties of the modification specific structures and 
motion are retained. 
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